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Abstract 
Carbon allotropes such as nanotubes, graphene, and buckyball all preserve the same lattice 
structure. However, their electronic properties are very different depending on their 
dimensionality. These nanostructures can be functionalized with other chemical groups or can be 
used to form complicated molecular structures. By using scanning tunneling microscopy and 
Raman spectroscopy, the functionalization of carbon nanotubes with fluorine was studied as a 
potential route to tailoring the electrical and chemical properties of carbon nanotubes, and 
functionalization and exfoliation techniques of graphite without inducing basal plane defects 
were investigated. Also, building upon our previous research on nanocars, nanodragsters 
combining buckyball and /?-carborane wheels were studied with scanning tunneling microscopy. 
Unlike its predecessors, a nanodragster can show interesting motions even at room temperature 
as well as at elevated temperatures. 
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Chapter 1 
Introduction 
1.1 Overview 
Carbon plays a significant role in our lives as well as in academic research and industry. 
Unlike any other materials in the universe, carbon can form crystals in 3-, 2-, 1-, O-dimensional 
forms (i.e. graphite, graphene, CNT, and buckminster fullerene, respectively) while still 
preserving the same sp2 honeycomb lattice structures, with each of these structures showing their 
own unique properties. The chemical flexibility of carbon allotropes allows the modification of 
the physical structures, leading to near unlimited potential in the functionality of these materials. 
This thesis covers functionalization of carbon nanotubes (CNTs), chemical exfoliation of 
graphene, and carbon-based nanomachine surface adsorption and motion. These topics might 
initially seem disconnected from one another, but they all require a keen understanding of the 
physics and chemistry of the carbon allotropes in different dimensions. In studying these 
materials, scanning tunneling microscopy (STM) provides an eye with nanoscale spatial 
resolution to see their physical shapes, and Raman spectroscopy a highly sensitive probe of 
specific give chemical information. The combination of STM and Raman spectroscopy provide a 
powerful combination for obtain a detailed understanding of these nanoscale objects. 
As CNTs are entering the stage of industrial implementation after extensive research, the 
characterization of their physical and electronic structure at the nanoscale has become crucial. A 
popular focus of the study on functionalized CNTs is to use fluorine to tailor the chemical and 
electronic properties of CNTs. This work builds upon previous studies that have shown that 
fluorination can be used to modify electronic and physical structure of CNTs. By performing an 
in situ STM study with Raman spectroscopy, the direct observations of newly discovered 
features as well as the previously reported changes with the functionalization process were 
obtained. 
As the one-atom-thick 2-dimensional carbon layer, called graphene, is drawing intense 
interest among both academic and industrial communities, various techniques to separate 
graphene from graphite in a scalable fashion are under investigation by many research groups 
around the world. The most common exfoliation method uses graphite oxide for the complete 
separation of individual graphene layers. The drawback of this technique is the residual defects 
on the basal plane of each exfoliated graphene plane even after a thorough reduction process. 
The STM studies in this thesis focus on graphite oxide formed by a different chemical route 
which suggests that graphite oxidation is possible by oxidizing only the edge areas instead of the 
basal plane. The graphite oxide obtained this way also shows a high degree of exfoliation 
without residual defects. Hopefully, this chemical method would provide a stepping stone to a 
defect-free exfoliation technique using graphite oxide. Also, another functionalization method 
that uses bare graphite as a starting material will be discussed. Functionalizing only the edge 
areas with an ionic compound can trigger significant exfoliation due to the charge repulsion 
between graphene layers in the stack and produce few-layer graphene nanostructures. 
Nano-vehicles have been studied as surface-rolling nanostructures that can potentially 
carry out nanoscale transportation on surfaces. Due to their structural similarities to real-space 
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vehicles, they are termed nanocars. Various wheel structures such as buckminster fullerene, p-
carborane, trans-alkynyl ruthenium complex, etc. with different body structures have been 
synthesized. STM is the only microscopy tool to directly image these nanocar molecules and 
their components individually, as it offers unmatched spatial resolution. Many of these molecules 
were imaged with STM, and four fullerene-wheeled nanocars exhibited a rolling motion due to 
the thermal energy imparted by a high temperature surface. Recently a nanocar molecule with 
mixed wheels was synthesized and termed a nanodragster, as it has two small p-carborane 
wheels and two large fullerene wheels. Since this new molecule has only two fullerene wheels 
which form a stronger interaction with the gold surface than p-carborane wheels do, interesting 
motions are observed even at room temperature as well as at elevated temperatures. 
1.2 Outline 
This thesis consists of 6 chapters. Chapter 2 briefly explains the two main instruments 
used in this work. Chapter 3 to 5 discusses the experimental results on the functionalized CNTs, 
the exfoliation of graphite by edge functionalization, and motions of nanodragsters, respectively. 
Chapter 6 will offer a conclusion and suggest future directions. 
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Chapter 2 
Scanning Tunneling Microscopy & 
Confocal Raman Spectroscopy 
2.1 Introduction 
Many imaging devices such as atomic force microscopy, scanning tunneling microscopy, 
transmission electron microscopy, etc. can provide detailed physical information of nanoscale 
structures. Out of all of these, scanning tunneling microscopy (STM) offers highest possible 
lateral/vertical resolution, and also it allows manipulation of individual molecules, which opens 
up a wide range of experiments in surface science. Chemical information of nanostructures can 
be obtained via numerous experimental techniques: Raman spectroscopy, x-ray photoelectron 
spectroscopy, and nuclear magnetic resonance spectroscopy to name a few. Especially, Raman 
spectroscopy is extensively used when studying carbon nanostructures as they give strong and 
unique Raman signals depending on their dimensionalities, existence of defects, and so on. 
Therefore, although all the experimental techqniues mentioned above have potential to make 
important contributions in studying the topics covered in this thesis, STM and Raman 
spectroscopy were chosen as primary analysis techniques. Background explanations on both 
instruments will be discussed in the following sections. 
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2.2 Fundamentals of STM 
2.2.1 Backgorund 
STM was developed by Gerd Binnig and Heinrich Rohrer in 1981.12 As its name implies, 
STM takes advantage of the tunneling current, which is a quantum mechanical phenomenon that 
cannot be understood in terms of classical physics. Generally, STM has four elemental 
components: a metal tip attached to piezoelectric transducers, a conductive sample, a set of 
control electronics that includes a feedback loop connected to the tip and the sample, and a 
computer that generates images out of the signals from the electronics. The wall of a 
piezoelectric tube that holds a STM tip has four segments: ±x, ±y, and the application of 
appropriate voltages allow lateral scanning on the xy plane due to the expansion/contraction of 
the tube. The STM tip is positioned a few Angstroms above the sample surfaces with a gap in 
between and a bias voltage is then applied to induce a tunneling current across the barrier. The 
tip-sample distance is controlled by a feedback circuit, so when the tunneling current is lower or 
higher than the reference value a z-piezo is activated to restore the measured current to the preset 
value. An image is constructed from the 2-dimensional array whose entries represent the height 
of the STM tip as it is scanned laterally and vertically across the surface. 
STM does not directly measure the physical height of the surface topography; it measures 
the convolution of electronic states of the sample and the tip near the Fermi level. Therefore, 
highly conductive materials can show a greater height than the real physical height, and this fact 
plays an important role when imaging a complicated molecule that is composed of highly 
conductive and insulating components as will be further discussed in Chapter 5. Also the 
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tunneling current is exponentially dependent on the gap distance, which makes it possible to 
image individual atoms on the surface. The tunneling current I t is given as, 
I t °c e - 2 * 5 
where 
p m ( V 0 - E ) 
K = 
h 
is the decay constant and s, m, V0 , and E are the tip-sample distance, electron mass, the potential 
barrier energy level, and the energy of electrons, respectively. Typical value for Kris about 1 A"1, 
and this implies 1 A change in tip-sample distance will result in tunneling current change 
roughly by an order of magnitude. Lateral resolution of down to -0 .2 A has been achieved with 
high reproducibility. Also, the tip-sample interaction enables one to manipulate individual 
molecules or atoms by taking advantage of the van der Waals interaction between the tip and the 
sample. The tunneling gap resistance decreases with lower tip-sample distance, and below 
certain values of Rj, the tip-sample interaction becomes strong enough to push or pull a 
molecule. 
6 
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Figuere 2.1 A schematic of 1-dimensional rectangular potentential barrier of height V0 and 
width s. Electron wavefunction with energy E can tunnel through the potential barrier with 
higher energy level than E, which is impossible in classical physics but possible in quantum 
mechanics. 
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When imaging with STM or any other scanning probe microscopes, one needs to be 
mindful about the large tip effect which causes a convolution of the tip and surface features. 
Some nanostructures can have much smaller size in the lateral direction than the radius of 
curvature of a typical STM tip, in which cases the tip cannot give the correct topographic image 
structure, and the image just represents the shape of the tip. For example, single-wall carbon 
nanotubes (CNTs) are cylindrical materials with diameters in the order of 1 nm, so it is hard to 
prepare a STM tip that can image the width of CNTs correctly. Most STM images of CNTs in 
this thesis show much wider width than the actual value for this reason. To check the correct 
diameter, height should be measured to check the diameter because the height is not affected by 
the large tip radius, (see Fig. 3.3 (c), (e)) This tip artifact can be overcome by functionalizing the 
STM tip with C6o fullerenes which have diameter of 1 nm. Sometimes the STM tip will have 
multiple points close to the surface for tunneling which causes the same surface feature to appear 
multiple times in the image, offset from each other, as each "tip" scans the feature. 
2.2.2 Ultrahigh vacuum condition 
To provide a highly controlled imaging environment, an ultrahigh vacuum (UHV) system 
is used in many cases. UHV systems minimize negative effects caused by the surface 
contamination due to moisture, dirts, and air flow, etc. Also UHV systems can preserve 
chemically sensitive samples or surfaces allowing for more dynamic and diverse experiments. 
Most images in this thesis were obtained in the modified Omicron variable temperature UHV-
STM. The pressure of the UHV chamber can be maintained at 1 x 10" Torr by a constantly 
running ion-getter pump and occasional activation of titanium sublimation pump. At room 
temperature, the mean free path at this pressure is calculated as 5 x 109 cm, which translates to 4 
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x 108 molecules incident on the surface per second and cm2.3 This will require many hours for a 
monolayer formation time compared to a few seconds when the pressure is at 10"6 Torr. This 
qualitative comparison indicates that a UHV system provides an excellent environment for 
surface analysis. 
2.3 Fundamentals of confocal Raman spectroscopy 
2.3.1 Background 
When light is incident on a crystal (or molecules), electrons in the valence band (or 
highest occupied molecular orbital) are excited and move to the conduction band by absorbing 
photons from the excitation source. Most of these electrons relax back to the valence band to 
recombine with holes by emitting light of the same frequency, but some of these electrons scatter 
by emitting or absorbing phonons. These electrons now possess different energy than the 
originally excited electrons by the emitted (or absorbed) phonon energy, and they can relax to the 
valence band by emitting photons of shifted frequency. To observe this inelastic scattering a 
monochromator filters out the elastically (Rayleigh) scattered light. The resulting Raman 
spectrum is the intensity of the inelastically scattered light plotted as a function of the frequency 
shift. Therefore, Raman spectra can provide important information on phonon frequencies of 
various materials. 
Conventional micro-Raman spectroscopy, which is widely used for chemical/biological 
characterization, usually applies a visible or near-infrared laser to a target material and collects 
scattered light. However, Raman scattering from undesired locations around the point of interest 
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can also enter the detector. This effect can be minimized by adding an aperture before a detector, 
as in Fig. 2.2, at the cost of reduced signal strength. In confocal Raman spectroscopy, an aperture 
with a tiny pinhole is placed where only the scattered light from the target would focus, so that 
most of the undesired scattering will be blocked out yielding better resolution than the 
conventional micro-Raman spectroscopy. Only the scattered light from the point of interest will 
be able to reach the detector, but the signal strength will be lower compared to micro-Raman. 
Confocal Raman spectroscopy significantly improves the ability to image small structures 
correctly,4 and it leads to an enhancement in resolution in Raman mapping. 
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Out-of-focus plane 
In-focus plane 
Out-of-focus 
Figure 2.2 A schematic of a confocal Raman setup with an added aperture. The addition of an 
aperture can enhance the resolution, but it reduces the signal strength. 
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2.3.2 Raman spectra from graphitic nanostructures 
Raman spectroscopy has been extensively used in characterizing graphitic materials, 
including CNTs, graphite, and graphene because of its fast, easy, accurate, and nondestructive 
nature.5 A first-order Raman process involves only one phonon in a scattering event, and a 
second-order process has two phonons involved or one phonon plus one elastically scattered 
photon. The G-band, at about 1600 cm"1, is the only first-order process for graphene and graphite, 
but CNTs have another first-order process called the radial breathing mode (RBM) at 100 - 500 
cm"1. The G-band is due to the in-plane bond-stretching of the sp2 honeycomb lattice, and the 
RBM is an out-of-plane bond-stretching phonon mode for which all the atoms oscillate in the 
radial direction. Due to the 1-dimensional electronic structure of CNTs, the RBM is visible only 
when the excitation laser energy matches the van Hove singularity energy level which is unique 
to each CNT with a different wrapping angle. This fact allows the RBM to be used to determine 
the chirality of CNTs. Since the sum-mass of carbon atoms in the radial direction is proportional 
to the diameter, the RBM phonon energy is inversely proportional to the CNT diameter value as 
given by coRBM=C/dt where C is a constant. Regarding second-order Raman process in graphitic 
nanostructures, the Z)-band at around 1350 cm"1 corresponds to a phonon inelastic scattering 
followed by an elastic scattering of a phonon at a defect, and the 2£>-band at around 2700 cm"1 
corresponds to a two inelastic scatterings. Because of the selective nature of the available phonon 
energy, the phonon wave vectors for second-order Raman process are given as q for the Z)-band 
and ±q for the 2D-band,6 '7 and this leads to twice the frequency shift for the ID-band compared 
to the D-band. Also, the D- and 2D-bands both show a dispersive relationship with laser 
wavelength as the magnitude of q is influenced by the laser energy. The elastic phonon scattering 
associated with the Z)-band occurs at a defect site, so the Z)-band is visible only when there are 
defects in the sample. On the other hand, the presence of the 2Z)-band is not related to a defect-
oriented elastic scattering, and it shows in defect-free crystals. Raman spectra from different 
samples are compared after the normalization of 2D-bands. 
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Chapter 3 
Fluorination and Defluorination of Carbon Nanotubes: 
In Situ STM Study 
3. 1 Introduction 
Single-wall carbon nanotubes (SWNTs) have shown potential for novel electronic 
devices,8 and double-wall carbon nanotubes (DWNTs) have aroused interest among scientists 
due to their interesting physical structure resembling bilayer graphene, which possess interesting 
quantum behavior.9'10 Theoretical11"15 and experimental16"24 studies with various functional 
groups have reported the modified chemical and electronic properties of carbon nanotubes 
(CNTs) with functionalization. Due to the high reactivity, fluorine can readily functionalize 
SWNTs,25 '26 and it has been reported that sidewall fluorination can enhance the low solubility of 
bare SWNTs.27 '28 Fluorine atoms can form covalent bonds with the carbon atoms without 
interrupting the tube-like structure, and thus can significantly increase the resistivity of CNTs. In 
addition, the fluorination can be reversed by heat treatment to remove the attached fluorine.26 
Most studies on fluoronanotubes have been performed with SWNTs, but recently 
successful fluorination of DWNTs as well as MWNTs has been reported.29'30 Fluorination of 
DWNTs can be particularly interesting because under controlled reaction conditions only the 
carbon atoms in the outer tubes participate in the fluorination while keeping inner tubes intact.29 
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Pristine SWNTs and DWNTs are thermally stable up to 1200 °C31 and 2000 °C32 respectively, 
while the fluorinated CNTs (F-CNTs) start to lose their thermal stability already at -200 °C.26 
These features indicate that F-CNTs perhaps can be used for novel electronic devices that require 
temperature sensitive materials. Understanding the detailed physical structure changes of F-
CNTs should open up a wide range of applications. 
In this work we have observed with in situ STM imaging that desorption of fluorine 
through annealing can recover the original SWNT structure to a certain extent and will cut the 
SWNTs in the radial direction thus obtaining a direct evidence for the SWNT cutting proposed 
earlier on basis of ex situ AFM studies of annealed fluoronanotubes. Similarly, we have 
observed that fluorine atoms on the outer-wall of a DWNT were removed in the same manner, 
however, unlike the SWNT, in this process the cutting of the outer-wall revealed the intact inner 
tube. 
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3. 2 Experimental 
As starting CNT materials, we used commercially available SWNTs and purified 
DWNTs. SWNTs were purchased from MER corporation.34 DWNTs, synthesized by a catalytic 
CVD method and subsequently purified by HC1 treatment and air oxidation at 500°C, were 
provided by M. Endo and Y.A. Kim. i0 O. Kuznetsoz from Rice University fluorinated CNTs by 
20% F2/80% He gas mixture in a Monel reactor for 2 hours at 150 °C (SWNTs) and 200 °C 
(DWNTs). The average C:F ratios in the obtained F-SWNT and F-DWNT products estimated 
from the X-ray photoelectron spectroscopy (XPS) analysis data were approximately 2:1 and 3:1, 
respectively. PHI Quantera XPS instrument was used for the XPS analysis. STM experiments 
were performed with the Omicron variable temperature UHV STM35 controlled by RHK36 
electronics. F-CNTs were dissolved in ethanol, and after bath-sonicating for 10 minutes the 
solution became homogeneous. Usually, about 5 jiL of this solution was spun cast onto Au(l 11) 
substrates. UHV STM was also used for thermal treatment of the sample at 400 °C and in situ 
imaging. Confocal Raman spectroscopy was performed ex situ with the WiTec alpha300 S with 
785 nm excitation on the same samples as used in STM. 
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3.3 Results and Discussions 
3.3.1 XPS analysis of fluorinated of CNTs 
To confirm the existence of C-F bonding in fluorinated CNTs, X-ray photoelectron 
spectroscopy (XPS) was performed by O. Kuznetsov. According to XPS analysis, the C Is and F 
Is peak positions at 289.5 and 688.5 eV, respectively, confirmed the presence of C-F covalent 
bonding in fluorinated DWNTs. Deconvolution of C Is peak in Fig. 3.1(a) reveals 4 main peaks, 
that represent sp2 carbon (peak 1), semi-ionic C-F (peak 2), covalent C-F (peak 3) and covalent 
CF2 (peak 4). This analysis indicates that fluorine is semi-ionically and covalently bonded to the 
sidewall. Since F Is peak is better indication of the bonding type, deconvolution of F Is peak 
was performed as well (Fig. 3.1(b)). The F Is peak of DWNTs consists of 3 main peaks that can 
be attributed to semi-ionic bonding (peaks 1 and 2) and covalent attachment of fluorine atoms 
(peak 3). This result is in agreement with the deconvolution of Cls peak. On average, one 
fluorine atom is attached to every 3 carbon atoms for DWNTs (C3F) while the same reaction 
gives C2F for SWNTs. C2F stoichiometry corresponds to the highest possible coverage of 
nanotube sidewall by fluorine as reported by Mickelson et al.25 The broad peak at 1150 cm"1 in 
the attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectrum of F-DWNT in 
Figure 1(c) confirms XPS data by showing all bond types of fluorine to carbon atoms on the 
sidewall. 
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Figure 3.1. (a) Deconvolution of high resolution Cls XPS spectrum of F-DWNTs, curve-fitted 
to reveal different bonding states of carbon: (1) sp2 carbon in C=C units, (2) semi-ionic and 
covalent C-F bonding, (3) C(=0)-F bonding (since 0=CF2 is the first volatile product to be 
formed during annealing of F-CNTs),26 (4) CF2 bonding, (b) Deconvolution of high resolution 
Fls XPS spectrum of F-DWNTs : (1) semi-ionic bonding, (2) covalent C-F bonding, (3) C(=0)-
F bonding (c) ATR-FTIR spectrum of F-DWNTs. The peak at 1758.4 cm"1 is due to C(=0)F 
moieties produced by fluorination of COOH groups introduced into DWNTs during purification. 
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3.3.2 Fluorination and defluorination of SWNTs 
STM images of the same fluorinated SWNTs (F-SWNTs) in Fig. 3.2 by Takhar reveal 
different diameter values depending on the regions which indicate that the fluorine 
chemisorption is not homogeneous, as also shown by the banding structures.37 The proposed 
origin of this banding structure is the boundary of two different domains of F-SWNT isomers.38 
F-SWNTs show a much larger diameter than bare SWNTs depending on the coverage of fluorine. 
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Figure 3.2 STM images of fluorinated SWNTs: C2F, and C i6F for comparison. More fluorination 
results in greater increases in height in STM images. (Taken from D. Takhar37) 
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Previous studies on the thermal treatment of fluoronanotubes reported a decrease in the 
length of SWNT bundles,26 but a direct observation of the same individual SWNT undergoing 
structural changes through the treatment has not been reported hitherto. Here, we report a direct 
observation of the same single F-SWNT before and after the in situ thermal treatment for 1 hour 
at 400 °C. Fig. 3.3 (a) and (b) show images of the same area before and after defluorination. 
A single F-SWNT from the central region of Fig. 3.3(a) shows a dramatic change after 
defluorination. It should be noted that F-SWNTs in Fig. 3.3 look very wide due to the tip artifact, 
thus in order to find the correct diameter we have to use the height in the cross-section. On 
average, the diameter of a given bare SWNTs ranges between 1 to 1.5 nm, but the diameter of 
the F-SWNT in Fig. 3.3(c) is measured as 3 nm. (Fig. 3.3(e)) This indicates that the fluorination 
alters the electronic structure of SWNTs considerably, as STM measures the density of states of 
the sample near the Fermi energy level. It was calculated that a carbon-carbon bond length at the 
chemisorption site can increase to 1.56 A from 1.42 A with fluorination,14 and this fact as well as 
the modified electronic states of F-SWNTs contribute to the diameter increase around the 
fluorine bonding sites. After the defluorination, the diameter decreases and returns to the typical 
value of bare SWNTs. The decrease in diameter of the defluorinated SWNT confirms the 
recovering of electronic states of the scanned SWNT. In the previous reports, the location of 
cutting was not clearly established, however, by imaging the exact same tube before and after 
defluorination, it can easily be seen in Fig. 3.3 (c) and (d) that the cutting occurs at boundaries 
between different isomers where the diameter is smaller. It seems that another tube-cutting act 
was about to occur at the boundary in the bent region of F-SWNT (Fig. 3.3(d)) as shown in the 
kink. Atomic resolution on fluorinated SWNTs was not readily obtained, but after defluorination, 
which causes restoration of electric conductivity of the nanotube, atomic resolution was 
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recovered on the defluorinated region as shown in Fig. 3.3(f). Fig. 3.3(f) also shows a defected 
region after defluorination at 400 °C for an hour. The defect is most likely the result of the 
defluorination process. 
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Figure 3.3 STM images of a fluorinated SWNT (a, c) SWNTs before defluorination and zoom-
in at the center. (V& = 0.1V, I, = 0.1 nA) (b, d) SWNTs after defluorination with thermal 
treatment at 400 °C for an hour, and a zoom-in at the center. (V/, = 0.1V, I, = O.lnA) (e) Cross-
section of (c) and (d). (f) STM images of a defluorinated SWNT showing residual defects and 
recovered atomic resolution. 
The process of fluorination and defluorination has also been monitored by Raman 
spectroscopy as well. Raman spectra for the different treatment stages of SWNT bundles are 
shown in Fig. 3.4. After fluorination, the added fluorine atoms transform the sp aromatic 
•3 
carbons on the tube into an sp -state carbons carrying "heavy" fluorine substituents attached to a 
stretched C-C bonds which yield a less flexible breathing of the tube, and the out-of-plane 
breathing of SWNTs cannot activated with the same laser energy. Once the fluorine atoms are 
thermally desorbed, the breathing oscillation of the tube becomes easier, so the RBM peak 
around 150 cm"1 is seen to recover. Starting SWNTs samples used in this study contain sidewall 
structural defects such as pentagon-heptagon pairs and also interstitials and metallic impurities 
which explain why the weak D-band in Raman spectrum of bare SWNT sample is observed. 
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Figure 3.4. Raman spectra, obtained with the 785 nm laser excitation, of bare SWNTs, 
fluorinated SWNTs, and defluorinated SWNTs. 
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Figure 3.5 STM images of the same (a) Fluorinated DWNT. Image size : (141.6 x 26.9 nm2), 
and (b) Defluorinated DWNT with revealed inner tube. Double imaging of the same DWNT due 
to the double-tip structure. (151 x 45 nm2) (c) Cross-sections of the revealed pristine inner tube 
and the defluorinated outer tube. 
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The fluorination and defluorination of DWNTs was also analyzed ex situ by Raman 
spectroscopy. The Raman spectrum (Fig. 3.6) produced from F-DWNT bundles shows only 
RBM peak corresponding to the inner tubes, (between 200 cm"1 and 300 cm"1) but after 
defluorination the shifted outer tube RBM peak (between 100 cm"1 and 200 cm"1) is apparent 
again with the 785 nm excitation. The relative height of D-band around 1300 cm"1 compared to 
G-band at 1590 cm"1 also decreases with the defluorination, which indicates that there are less 
sp3 C-C(F) bonds on the outer tube left after the defluorination. 
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Figure 3.6 Raman spectra (785 nm laser excitation) from pristine DWNTs, fluorinated DWNTs, 
and defluorinated DWNTs. 
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3.4 Conclusion 
Sidewall fluorination of SWNTs and DWNTs and defluorination have been studied with 
STM and Raman spectroscopy. The modified electronic structure due to the fluorination gives 
rise to an increase in diameter and the banding structure along the tube as shown in STM images. 
Annealing fluorinated CNTs at 400 °C can remove the fluorine adatoms. During this process the 
F-SWNTs experience cutting at the domain boundaries between different F-SWNT isomers, and 
this fact makes the fluorination not entirely recoverable to the original state. For F-DWNTs, we 
can observe that when only outer tubes are cut the pristine inner tubes are revealed. Further 
studies of defluorination processes and controlled peeling off the outer shells of DWNTs can 
open up the opportunity for synthesis of new interesting nanostructures of DWNTs with partially 
revealed inner shells. 
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Chapter 4 
STM Imaging of Graphitic Nanostructures 
4 .1 Introduction 
Graphite is the most common carbon allotrope and has found many applications since its 
discovery in the 16th century. This material consists of stacked 2D carbon networks, with the 
carbon atoms in each layer forming strong sp2 bonds with the three neighboring carbon atoms by 
hybridization of s, px , and py orbitals, yielding a honeycomb lattice. The pz orbital of each 
carbon atom interact with its neighboring pz orbitals to form bonding n and antibonding 11 
orbitals, which are the conduction band and the valence band, respectively. The interlayer 
spacing is 3.35 A and the van der Waals force between neighboring layers pin them together. 
Therefore, the lamellar structure of graphite gives a strong degree of anisotropy; much larger 
mechanical stiffness, as well as larger electrical and thermal conductivities are observed along 
the in-plane direction compared to out-of-plane analogues.40 Along with its well-known 
application as a marking instrument, now graphite is used in solid lubricants, electrodes and 
heating devices, etc.41 '42 Although the separation of a single layer had been considered unlikely 
to happen due to the thermal instability of 2D crystals at any finite temperatures,43 the first 
single-layer graphite, so called graphene, was discovered unexpectedly by Novoselov et al. using 
repetitive cleavage with plastic sticky tape.44'45 In spite of its rather late physical discovery, 
however, scientists have studied graphene theoretically for over sixty years,46 '47 and calculated 
that the charge carriers of single-layered graphite are massless Dirac fermions48 as confirmed 
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experimentally after its discovery. 49 '50 Soon, many studies uncovered the rich physics of 
graphene, including the quantum Hall effect at room temperature,51 extremely high mobility,52'53 
and detection of single molecule adsorption.54 Most of all, the exceptionally high mobility of 
graphene allows ballistic transport of its charge carriers up to the micron level.55 The electronic 
properties of few-layer graphene are heavily dependent upon the number of layers; graphene and 
bilayer graphene are zero-gap semiconductors, and the conduction band and valence band start 
overlapping with 3 or more sheets and achieve the same band structure of bulk graphite at 10 
layers.56 
The rich physics of graphene has attracted intense interests recently, and a number of 
exciting applications are suggested.55'57 Currently, one of the biggest challenges to the scalable 
and fast implementation of graphene for industrial applications is the lacking of high-yield 
production methods of near defect-free graphene layers. Although graphene-based transistors 
have shown great promises as a post-silicon material by achieving 100 gigahertz cut-off 
CO 
frequency, without scalable methods of separating graphene from graphite, the scope of 
applications taking advantage of its extraordinary physics would be significantly narrowed. The 
mechanical exfoliation method using Scotch™ tape, which is what most experimentalists are 
currently using to obtain near defect-free graphene sheets, is very low-yield and time consuming. 
Alternative approaches to obtain graphene sheets include epitaxial/chemical vapor deposition 
(CVD) growth methods on a substrate59"62 and chemical exfoliation techniques.63"67 These 
methods have not yet shown the high mobility of the mechanically cleaved graphene, but their 
scalability and cost-efficiency make them great alternatives to mechanical exfoliation. 
Berger et al. first demonstrated how to grow epitaxial graphene on a silicon carbide 
substrate.59 Annealing silicon carbide around 1000 °C desorbs silicon leaving small domains of 
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graphitic carbon on the substrate, and the location of growth can be predetermined as well.68 
CVD growth of graphene is usually performed on transition metal substrates.60'61 Temperature 
dependent carbon-saturation of transition metal substrates results in graphene sheets when they 
have excess carbon at low temperature. The advantage of substrate-based growth techniques is 
its compatibility with the current CMOS (complementary metal-oxide-semiconductor) 
processing since the graphene layer can be grown on top of a wafer. Also, graphene sheets grown 
by CVD can be transferred to another substrate via a PDMS stamping. 
Graphite oxide prepared by Hummers' method, which uses KMn04-H2S04 as an 
oxidant,69 is mainly used in chemical routes for the exfoliation of graphene sheets. Upon 
oxidation, hydroxyl and epoxide groups attach to the basal planes of each layer and carboxyl and 
carbonyl groups functionalize the edges.70 The functional groups on the basal plane can easily 
interact with water, which makes the complete exfoliation possible after a mild ultrasonication.63 
Si et al. recently developed water soluble reduced graphene sheets from graphite oxide.71 The 
creation of sp3 bonds on the basal plane of graphene oxide sheets makes them insulating, but a 
reduction process by hydrazine can partially recover the conductivity and the sp structure of the 
basal plane.65'67 The chemical exfoliation methods are the most scalable and cost-efficient way 
to produce graphene sheets, but the chemically reduced graphene has residual defects on the 
basal plane. 
Understanding the location of functionalization on graphene is of crucial importance for 
its application as it affects the electronic properties and chemical properties of graphene 
significantly. Edge-functionalization is preferred over basal plane functionalization as the basal 
plane defects can influence the electronic properties more heavily. Recently, nanoscale 
graphene-patterning methods72 '73 have been reported, and this makes edge functionalization even 
more interesting since the defected edge sites could be cut and yield graphene sheets with 
minimal planar defects. In order to achieve the ultimate goal of chemical exfoliation techniques 
for producing single graphene sheets by edge-functionalization without the basal plane defects, 
we have performed STM studies on graphitic nanoplatelets epoxidized with m-CPBA rather than 
by Hummers' method and another exfoliated few-layer graphene by oleum whose basal plane sp2 
crystallinity is completely preserved. 
4.2 Experimental 
4.2.1 Synthesis 
To obtain graphite epoxide, commercially available synthetic graphite was epoxidized 
using weta-chloroperoxybenzoic acid (m-CPBA) by Chattopadhyay et al.74 As a further control, 
the same chemical procedure was performed with highly ordered pyrolytic graphite (HOPG). 
Oleum exfoliated graphene was prepared by Arnab Mukherjee in the Billups lab at Rice 
University.75 Benzoyl peroxide was added to suspended synthetic graphite in benzene at - 8 0 °C 
which leads to phenylated graphite, and then oleum was added to exfoliate graphite. The final 
graphite salt was prepared by adding sodium hydroxide, and this material showed high solubility 
in water. (2.1 mg/mL) The entire process is summarized in scheme 4.1. 
Characterization by XPS and ATR-FTIR confirmed the presence of the functional groups 
at each step. The above materials were deposited on Au(l 11) on mica substrates by spin 
coating to perform STM and confocal-Raman experiments on the above materials. 
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Scheme 4.1 Synthesis of water-soluble graphene 
4.2.2 Sample preparation for analysis 
To perform the STM and Raman experiments, synthetic graphite and graphite epoxide 
were suspended in chloroform. After a sonication process for -10 minutes, the graphite/graphite 
epoxide in powder form dark colloid-like solution due to mild exfoliation. Since only a few 
grains of each are put into chloroform, the concentration of the solution was usually judged 
qualitatively by the color after the sonication process. Graphite epoxide is dispersed better than 
synthetic graphite yielding darker solution than the similar amount of synthetic graphite can. 
Then, - 2 0 /uL was spun cast on Au(l 11) on mica substrates. All the samples were imaged under 
the UHV condition in Omicron VT STM. 
4.3 Results and Discussions 
4.3.1 Edge-functionalization by m-CPBA 
Lerf et al. proposed that epoxide constitutes the major part of the material formed by 
Hummers' method,70 and Li et al. performed an optical microscopy technique to image the 
cracks on the basal plane of the HOPG due to the epoxidation.77 The graphite oxide formed by 
Hummers' method can easily be exfoliated upon sonication, but the crystal structure of the basal 
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plane shows heptagon-pentagon defects and significant in-plane distortions even after the 
removal of the functional groups on the terraces as observed by Gomez-Navarro et al.78 In this 
study, we report another epoxidation technique that uses m-CPBA. The degree of 
functionalization was estimated by performing catalysis reaction using MeRe03/PPh3 and then 
quantified by 31P NMR spectroscopy, and it was shown that the epoxidation method by w-CPBA 
is more efficient than the one by KMn04-H2S04. (C12O vs C78O) The epoxidation process using 
m-CPBA also seems to exfoliate graphite to a certain extent as observed with STM in Fig. 4.1. 
Small synthetic graphite structures before the epoxidation are around 20 nm in height, and some 
are too tall to be imaged by STM while the epoxidized graphite shows a significant degree of 
exfoliation down to - 5 layers, but single layers have not been observed. Synthetic graphite 
structures are very tall and lumpy, and we could not achieve atomic resolution on the basal plane. 
With the graphite epoxide, flat domains can be clearly observed as shown in Fig. 4.1 (C). 
Confocal-Raman spectroscopy was performed on individually separated nanoplatelets deposited 
on Au(l 1 l)/mica substrate to confirm the presence of functional groups qualitatively. The 
Raman spectra in Fig. 4.2 show the increase in D-G peak height ratio from ~0.5 to - 1 with 
functionalization. The Raman spectrum from graphite epoxide (C12O) shows about twice the D-
G ratio compared to bare synthetic graphite (CnoO). This confirms the creation of functional 
groups either on the edges or on the basal planes. In order to measure the location of functional 
groups qualitatively, the same epoxidation technique by m-CPBA was performed with graphite 
flakes, which have larger average domain size than synthetic graphite. A deoxygenation process 
by PPh3 confirmed that graphite flakes are less prone to functionalize (C57O) compared to 
synthetic graphite (Ci20), which indicates m-CPBA mainly targets edge areas rather than 
terraces. Also as a comparison experiment, bare HOPG was functionalized by m-CPBA and 
imaged with STM. STM images of the HOPG basal plane in Fig. 4.3 show decent atomic 
resolution without any visible sp3 defects on the basal plane as shown in the oxidized graphene 
sheet observed by Gomez-Navarro et al.79 
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Figure 4.1 (A) STM image of synthetic graphite, (B) the cross-section of (A), (C) STM image of 
graphite epoxide by m-CPBA, (D) the cross-section of (C). 
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Figure 4.2 Raman spectra from synthetic graphite and graphite epoxide by m-CPBA. D vs G 
band ratio increases from -0.5 to - 1 with the functionalization. They are scaled to have about the 
same 2D peak height at -2700 cm"1. 
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Figure 4.3 (Left) STM image of oxidized graphene by KMnC>4- H2SO479 showing interrupted 
sp2 honeycomb lattice due to the creation of sp3 bonds on the basal plane. (Right) STM image of 
epoxidized HOPG by w-CPBA of similar size to the left image. Honeycomb-like sp2 crystallinity 
is preserved. 
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4.3.2 Functionalization and exfoliation by oleum 
The interlayer distance of graphite is similar to the intertube distance of SWNT bundles, 
and in both cases weak van der Waals attraction is the dominating interaction in the contact area, 
albeit with a much larger contact area in the graphite case. It has been reported that the van der 
Waals bonds between SWNTs can be overcome by sulfonation by oleum leading to water-
soluble SWNTs,80 and this study uses the same technique but focuses on the exfoliation of 
graphite. The first ionization potential of sodium (496 kJ/mol) is much lower than that of 
hydrogen (1312 kJ/mol), therefore, significant exfoliation was observed after replacing SO3H 
with SOaNa due to the charge repulsion between SO3" groups upon the ionization of Na in water. 
And also, the hydrophilicity of SO3" groups enhances the solubility of the exfoliated product in 
water. The salient feature of this method is that the basal plane sp2 crystal structure is preserved 
through exfoliation, and hence no need for the reduction that usually follows in most chemical 
exfoliation methods. To examine the atomic-scale structure, exfoliated few-layer phenylated 
graphene sheets with SO3" groups were imaged by STM. The height of the graphitic 
nanostructures ranged from ~2 to ~5 nm, which corresponds to between 5 and 14 layers. Fig. 4.4 
(a) and (b) correspond to topographs from two such nanoparticles. Cross-sections through each 
of these are displayed in Fig. 4.4(c), allowing the count of the number of layers. A high-pass 
filtered image of Fig. 4.4(b) in Fig. 4.4(d) reveals domain boundaries of the different layers. 
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Figure 4.4 (a), (b) STM images of exfoliated graphene on Au(l 11) substrates: (a) Image size: 
(57.6 x 57.6 nm2), bias voltage (Vhias) = 100 mV, tunneling current (I,) = 0.1 nA, (b) (56 x 56 
nm2), (Vbias) = -200 mV, (/,) = 1 nA. (c) Cross-sections of (a) and (b). (d) A high-pass filtered 
image of (b) showing different domains and a single layer attached to multiple-layered structure. 
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Fig. 4.4(b) contains an exfoliated single layer of graphene in the lower left portion of the 
image attached to the adjacent larger structure. Upon close inspection, clear atomic resolution 
was observed in several of the exfoliated sheets, one of which is shown in Fig. 4.5(a). Even at 
this scale, any defects on the graphitic terraces would be readily apparent in the STM images.81 
The corresponding height cross-section displayed in Fig. 4.5(b) shows evidence of edge 
functionalization, and the height of the basal plane is 3.5 A which is in a good agreement with 
the interlayer distance of graphite. 4.5(c) is a high-resolution image of the pristine atomic 
structure of the boxed region in Fig. 4.5(a). The 2D Fast Fourier transform is used to analyze the 
frequency of Fig. 4.5(c). Clear six points in the spectra of the graphitic sp2 crystal structure are 
shown in Fig. 4.5(d), which confirm the pristine graphitic atomic structure of the chosen area. 
This is a clear indication that the functionalization has occurred on the dangling bonds at the 
edges without perturbing the sp2 bonds of the basal plan.74 
While this exfoliation method by oleum could separate individual SWNTs from bundles, 
it is only partially successful with exfoliating individual graphene sheets from HOPG. This could 
be because the layers in graphite have much a larger contact area with each other than SWNTs in 
bundles which translates to a greater van der Waals interaction to overcome. Additionally, it is 
possible that not all the layers in the graphite stack undergo the functionalization process of 
adding phenyl-SC^Na groups on the edges. This sets the direction of future work of this 
exfoliation method that would lead to complete separation of graphene layers while maintaining 
the pristine basal plane, which is in the same line as the recently reported exfoliation technique 
also using charge repulsion. 
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Figure 4.5 (a) A single layer of exfoliated graphene from lower left of Fig. 4.4(b) showing 
defects on the edges. Imaging condition: (36.5 x 36.5 nm2), (Vbias) = -83 mV, (/,) = 1.5 nA. (b) 
Cross-section of (a) showing normal layer spacing of graphite, (c) Atomic structure from the 
boxed area of (a). Imaging condition: (3.6 x 3.6 nm2), (Vbias) = -83 mV, (I,) = 2.3 nA (d) 2D 
Fourier transform of (c). 
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4.4 Conclusions 
The edge-functionalization of graphene affects the electronic properties and chemical 
properties of graphene sheets,83'84 but it does not create sp3 bonds on the basal plane as the 
commonly used Hummers' method does. Most chemical exfoliation methods to obtain graphene 
sheets reported so far have used graphite oxide whose basal plane is heavily functionalized, and 
the chemically converted graphene shows residual defects and much lower electron mobilities. 
STM studies combined with other surface analysis tools show that edge-epoxidation of graphite 
is possible and can possibly be used to exfoliate graphite to a great degree. Although the direct 
observation of the functional groups was not obtained, our measurements present a convincing 
picture that epoxidation by m-CPBA and the resultant functional groups prefer to form at the 
edges. In addition, water-soluble, few-layer graphene obtained by oleum exfoliation shows that 
the pristine basal plane crystallinity is preserved and that only the edge areas are functionalized. 
These edge-functionalization methods have not yet shown to exfoliate single layers, but the fact 
that they can preserve the basal plane crystallinity with a significant extent of exfoliation 
suggests that they are well worth for further studies. 
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Chapter 5 
Investigation of Nanomachine Motions 
5.1 Introduction 
Fabrication of nanoscale structures is of great interests among scientists and engineers, 
and constant efforts have been put into developing smaller but more functional structures in 
many areas of science and technology. When it comes to miniaturization of nanoscale devices 
based on either physical, chemical or electronic properties, there are two major approaches: 
"top-down " and "bottom-up ". The top-down method is typically represented by 
nanolithography which is commonly used in current semiconductor industries; it patterns small 
structures out of initial bulk materials. The bottom-up approach can be simply explained by its 
real-space analogue of building a house. Instead of cutting out unnecessary parts, bottom-up 
fabrication requires manipulation of single atoms or molecules to form functional building 
blocks. The top-down approach is fast and efficient, but its potential is limited by fundamental 
physics laws. On the other hand, bottom-up fabrication is widely used in most biological 
functions in nature where many different enzymes react to biological stimuli to form necessary 
functional protein molecules and transport materials in an extremely efficient manner that the 
top-down method can never compete with.85'86 The self-assembly of organic molecules has 
shown the promises of bottom-up approaches for building electronic devices,87'88 but the 
realization of enzyme-like construction and controlled transport of molecules on a surface has 
not been reported yet. The work in this chapter hopefully will make an important contribution to 
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the development of such functional molecules in the future that can move on a surface to perform 
complicated tasks. 
One of the challenges of developing enzyme-like bottom-up fabrication methods on a 
surface is the development of well-controlled transporters for use on various surfaces. The idea 
of a single molecule that can function as a molecular machine has aroused a lot of interests in the 
last decade, leading to the synthesis of various molecular machines whose functions are similar 
to that of real-scale machines and were characterized by solution-based ensemble 
spectroscopies.89"91 The actual real-space imaging of individual molecular machines is possible 
with scanning probe microscopy, especially scanning tunneling microscopy (STM), which is a 
very powerful surface imaging tool at the atomic scale.92"95 When developing real-space 
machines with a transporting capability, the rotating wheel has played a key role in the 
development of real-scale machines, but there are few reports of wheel-like rotational motion of 
molecular machines.96 '97 
Various molecular vehicles that are structurally similar to real-space vehicles, have been 
synthesized.98'99 Fig. 5.1 shows a few nanocars with oligo (phenylene ethynylene) (OPE) body 
structures. The OPE structure consists of phenyl rings linked by single-triple-single carbon bond, 
which makes the free rotation possible between phenyl rings. Long alkoxy groups (-OC10H21) 
are added to enhance solubility which is required to prepare a sample. Nanovehicles with two 
axles are designed to show two-dimensional translational motion perpendicular to the axles while 
three-wheeled molecules are synthesized to perform complimentary experiments on pivoting 
motion. Due to the flexibility of the OPE chains, different conformations such as rotation of 
axles around the chassis are also possible and have been observed.100 The nanocar with four C60 
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wheels (Fig. 5(a)) was reported to show thermally driven 2D motion at - 4 7 0 K while its three-
wheeled counterpart (Fig. 5(b)) showed pivoting without translational motion at different 
97 temperatures. 
Synthesis and testing of the nanovehicles can be facilitated by replacing the C6o 
fullerene-based wheel structure with p-carborane as it is difficult to develop more complicated 
motorized nanovehicles with C6o wheels due to the challenges associated with its reactivity 
98 
during synthesis along with the low solubility of pure C6o-based nanocars. However, due to the 
small size and very weak interactions ofp-carboranes with an underlying metal substrate, such 
molecules were not observed to be stationary during STM imaging on Au(l 11) or Cu(l 11) 
substrates from room temperature down to 110 K. 
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Figure 5.1 Nanocars with OPE chassis and axles. Triple bonds between phenyl rings are 
flexible. Four-wheeled molecules are designed to move perpendicular to axles while three-
wheeled ones are supposed to show pivoting motion only. 
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Recently, a nanocar combining two p-carborane wheels on one axle and two C6o wheels on the 
other was synthesized and imaged with STM to compare the functionality ofp-carborane wheels 
with that of Ceo wheels." (Fig. 5.2) C^o has about twice larger physical size than p-carborane, so 
this new nanocar molecule is named a nanodragster due to the structural similarity to its 
macroscopic analog. Since nanodragsters have only two C6o wheels that form strong charge 
transfer bonds with substrates, they are expected to exhibit translational motion at a lower 
temperature compared to quad-fullerene nanocars, along with the possibility of truly unique 
behaviors. In this chapter, we present the latest results on the motion of nanodragsters at different 
temperatures as imaged by an UHV STM. Our results show that nanodragsters do move at lower 
temperatures than pure C6o-wheeled nanocars as expected, as well as other motion that is 
exclusive to this molecule. 
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Figure 5.2 (a) A schematic of the molecular structure of a nanodragster. (b) STM image of a 
nanodragster. Axles and chassis were not observed by STM. 
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Figure 5.2 (a) A schematic of the molecular structure of a nanodragster. (b) STM image of a 
nanodragster. Axles and chassis were not observed by STM. 
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5.2 Experimental 
5.2.1 Substrate preparation 
The Au(l 11) surfaces in this experiment were cleaned by sputtering and annealing in an 
Omicron variable temperature STM UHV chamber prior to the deposition of the molecules. 
Commercially available Au(l 11) on mica substrates from Agilent Technologies were chosen for 
imaging Nanodragsters due to their atomically flat terraces and one atom thick step-edges. 
Au(l 11) on mica substrates were cleaned in the UHV chamber by two cycles of bombardment of 
Ar+ ions on Au(l 11) followed by annealing at -400 °C. The cleaned Au(l 11) substrate has 
atomically flat domains of 2.4 A thick monolayers, and the reconstructed (22 x V3) herringbone 
shape of alternating hexagonally close packed (hep) and face centered cubic (fee) layers is easily 
visible over the entire Au(l 11) surface. (Fig. 5.3(a)) 
To deposit the molecules, we used a solenoid pulse valve that can be actuated for 5 to 20 
milliseconds under high vacuum condition.101'102 Nanodragsters dissolved in toluene with a 
concentration of - 5 jxM and were dosed over the entire Au(l 11) surface with fairly consistent 
coverage. To provide thermal energy to the nanodragsters deposited on Au(l 11), a 
commercially available pyrolytic boron nitride heater inside a ceramic plate was placed 3 mm 
below the sample. All STM images were obtained by the constant current mode. 
5.2.2 Functionalization of STM tip with C6o 
Functionalization of the STM tip with C6o was performed to enhance the imaging of the 
nanodragsters. To prepare the C6o-functionalized STM tip, C6o was dissolved in toluene and a 
droplet of the dark purple solution was dropped onto a HOPG substrate. Once put in the Omicron 
UHV chamber, the STM tip was raster scanned with a very small tip-sample distance of {V/,= 
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20 - 50 mV, I, = 1 - 2 nA}, so the fullerenes can make a direct contact with the STM tip and 
attach to it. 
Figure 5.3 (a) Cleaned Au(l 11). The herringbone shape of alternating hep and fee structure i 
clearly visible, (b) A schematic of a solenoid pulse valve. 
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5.3 Results and Discussion 
5.3.1 Imaging p-carborane wheels of a nanodragster 
Three or four carbon atoms in Ceo can easily participate in charge transfer with the atoms 
on Au(l 11) substrate.103'104 On the other hand each boron atom in ap-carborane is passivated 
with a hydrogen atom leaving the 5 orbital of hydrogen and the sp orbitals of boron completely 
filled, which makes the charge transfer unlikely to happen with p-carborane wheels on Au(l 11) 
surface. This will lead to a very weak interaction between p-carborane wheels and Au(l 11) 
surface, so the imaging of nanocars with pure p-carborane wheels down to 110 K has not been 
successful. Also, this gives a lower probability for electron tunneling between p-carborane 
wheels and the STM tip, which makes it harder to image with a feedback-controlled STM. Since 
the tunneling current is a convolution of the density of states of the tip and the sample around the 
Fermi energy level, modification of the Fermi level of the STM tip by functionalizing it with 
C6o-adsorption can often enhance the imaging of adsorbates without sacrificing resolution.81,105' 
106 Another advantage of using C6o STM tip is the decrease in the radius of curvature of the tip 
apex, which results in sharper imaging. The radius of C6o is only 0.5 nm, which is smaller than 
many mechanically cut Pt/Rh alloy STM tips that are used in this study. The van der Waals force 
can play a significant role when the tip-sample distance becomes smaller as the calculated 
interaction energy is inversely proportional to the tip-sample distance. This is why the stable 
imaging of molecules becomes challenging above a certain the tunneling current value while 
maintaining the same bias voltage. The van der Waals interaction energy between a tip and a 
107 sample is then calculated as, 
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where H, R, Rc are the Hamaker constant, tip-sample distance, and radius of curvature, 
respectively. For most metal substrates, H is 2-3 eV. Therefore, small radius of curvature of 
STM tip can reduce the undesired effect induced by the van der Waals force, and also allows 
imaging at a smaller tip-sample distance with higher tunneling current. For these reasons, 
imaging with a C6o-functionalized metal tip makes it possible to image p-carborane wheels at 
room temperature. Every image of nanodragsters discussed below which reveal the p-carborane 
wheels was obtained with a C6o-functionalized STM tip. 
5.3.2 Charge transfer between nanodragsters and A u ( l l l ) 
The Smoluchowski effect describes the smoothing of the charge density wavefunction 
over step edges of metals, which results in a net positive (negative) charge at the top (bottom) of 
step edges of metal surfaces.108 This phenomenon will greatly influence the site preference of 
adsorbed conjugated molecules on such surfaces depending on their affinity for donation or 
acceptance of electrons.109'110 Examples of edge preferences of various molecules on noble metal 
substrates have been reported previously,110"113 and the molecules in these reports, including Ceo, 
show only edge adsorption at low coverage when there are plenty of empty edge sites available. 
After the deposition on noble metal surfaces, the reported edge-sitting molecules including Cgo 
fullerenes diffuse freely as a 2D gas until they find thermodynamically favored edge-sites. As the 
coverage increases, they form monolayers starting from the step edge areas. Once distributed 
randomly on Au(l 11) substrates by a solenoid pulse valve, many nanodragsters sit at the step 
edges, but it was not difficult to find nanodragsters sitting on terraces. A number of 
nanodragsters, however, do show terrace adsorption even at low coverage as shown in Fig. 5.4(a). 
This indicates that many nanodragsters can form strong enough bonds with Au(l 11) terrace to 
stabilize them without diffusing, which makes them a very interesting system to investigate. At 
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higher coverages, step edges contain a higher density of molecules. When sitting on the edge as 
many nanodragsters do, they separately attach to the edge unlike C6o fullerenes that form chains 
on Au(l 11) steps. Also C6o axles of most nanodragsters tend to line up along the Au (111) step 
edges, and they were observed to be sitting on the upper side with higher frequency than on the 
lower side as shown in Fig. 5.4(b), (c). The parallel alignment of C6o axles with the step edge 
provides evidence that the charge transfer bond is stronger for C6o wheels than for p-carborane 
wheels on Au(l 11) surface, and the preference for the top step edge illustrates that they are more 
likely to donate electrons than to accept. 
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Figure 5.4 (a) A STM image of low-coverage nanodragsters sitting on both edges and terraces 
(Imaging condition: bias voltage (V/,) = -280 mV, tunneling current (/,) = 10 pA, Image size: 115 
x 115 nm2) (b) A STM image of high-coverage nanodragsters. (Imaging condition: V/, = -100 
mV, I, = 50 pA, image size: 221 x 221 nm2) (c) A STM image showing Ceo axles aligned to the 
upper side of step edges. (Imaging condition: V/, = -100 mV, /, = 250 pA, image size: 40 x 40 
nm2) 
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5.3.3 Motion of nanodragsters at room temperature 
At room temperature, nanodragsters sitting on terraces do not show any long-range 
translational motion with a wide range of tunneling parameters unlike freely diffusing individual 
fullerenes under the same condition, and this stability is mainly due to the charge transfer bonds 
between two C6o wheels and gold surface. Due to its unique molecular structure, nanodragsters 
can exhibit subtle motions even at room temperature while nanocars with four fullerene wheels 
would remain completely stationary. 
Perhaps the most interesting of these maneuvers is the flipping of p-carboranes axles 
from one side of the fullerene axle around to the other side. This appears to confirm the fact that 
the charge transfer bond between p-carborane wheels and the Au(l 11) substrate is much weaker 
than the fullerene one. Such phenomenon was not observed with the pure C6o-wheeled nanocars. 
Illustrated in Fig. 5.5(a) and (b) is a pair of STM images of the same nanodragster with its p-
carborane axle flipping to another side. 
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Figure 5.5 A nanodragster showing its wheel flipping to another side of the step edge. Imaging 
condition was changed from {Top: Vb = -100 mV, I, = 250 pA} to {Bottom: Vt, = -50 mV, I, = 
300 pA}. 
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Tip-induced motion of nanodragsters is possible during imaging conditions that reduces 
the tunneling gap distance because of stronger van der Waals interaction between STM tips and 
nanodragsters. As such, it is interesting to investigate tip-induced motions of nanodragsters 
sitting on the step edges. When a STM tip pushes or pulls, it is challenging to place the C6o-
functionalized tip exactly between the two C6o wheels, and pushing or pulling only one C6o 
wheel would only yield a pivoting motion. The approximate threshold tip-sample distance for 
tip-induced motion was found empirically while imaging the nanodragster in Fig. 5.5. The 
molecule disappeared in the subsequent frame after changing the tunneling gap resistance (i.e. Rg 
= Vb/It) from 400 MQ to 160 MQ, which induces a stronger interaction between the STM tip and 
the molecule. The threshold for this occurs around -200 Mf2. In addition, this value is a good 
indicator to what tunneling parameter range should be used to observe tip-induced motions. 
Two types of tip-induced motions on the step edges have been observed so far; 
translation along the step as well as step crossing both up and down to the nearby step sites as 
shown in Fig. 5.6 and Fig. 5.7. After decreasing the tip-sample distance, the top nanodragster in 
Fig. 5.6 shows 2D translational motion along the step edge that is not parallel to the tip-motion 
direction. The molecule follows the step line which is not in line with the STM tip, which 
confirms the stronger interaction at the edges compared to that on the terraces. Stepping motion 
can be observed with the nanodragster at the bottom in Fig. 5.6 All the images in Fig. 5.7 are 
focused on the bottom molecule in Fig. 5.6. The molecule of interest steps down and then steps 
up in the stairs, and in every case, it only stays on the upper side of the step. 
Since the Smoluchowski effect is the dominating charge transfer interaction near the 
monatomic steps of Au(l 11) surface, this stepping behavior can be used to study the strength 
and the range of the Smoluchowski effect on Au(l 11). As the molecule chooses twice to sit on 
another step about 5 nm far from the original one, we can probably say the strength of the 
Smoluchowski effect does not change significantly in the range of at least - 5 nm perpendicular 
to the edge. Assuming that the C6o is attached to the functionalized tip apex (i.e. Rc = 0.5 nm) 
and the tunneling gap distance is roughly a few angstrom scale (i.e. R < 1 nm), we can estimate 
the van der Waals interaction energy that presumably caused stepping motion of the molecule to 
be -200 meV. Tzeng, et al. observed the thermal desorption of C6o at 750 K by using low-energy 
electron diffraction technique,103 (i.e. 65 meV) and this value indicates that the binding energy of 
a nanodragster would be 130 meV ignoring the interaction between p-carborane wheels and OPE 
axles and chassis with the Au(l 11) substrate. Therefore, this rough calculation agrees with the 
previous report qualitatively. 
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Figure 5.6 The top nanodragster shows translation along the diagonal step edge. The bottom one 
will be discussed in the next figure. Tip-sample distance was decreased by changing the 
tunneling parameters from {Top: V/, = -100 mV, It = 200 pA} to {Bottom: V/, = -75 mV, I, = 300 
PA} 
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Figure 5.7 A series of STM images of the same nanodragster showing step-crossing motion. 
(Imaging condition: Vb = -75 mV, I, = 300 pA) 
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5.3.4 Thermally activated motion of nanodragsters 
Pure fullerene-wheeled nanocars show thermally activated pivoting and 2D translational 
motions.97 A nanodragser, with only two major surface-gripping wheels, are easier to move than 
its predecessor due the weaker interaction with the surface, so the motion activation temperature 
is considered to be lower.99 Both rotation of only one wheel or else the case of two fullerene 
wheels rotating in different directions will result in a pivoting motion, and only the rotation of 
the two in the same direction at the same time will give a translational motion. Since each wheel 
has two possible rotation directions, translational motion only occurs with a subset of molecules 
which have the net driving force. 
Nanocars with four fullerene wheels start pivoting and at 440 K, and the translational motion 
begins close to 470 K.97 However, nanodragsters exhibit pivoting as soon as 350 K. Fig. 5.8. 
shows pivoting motions of nanodragsters in the span of 9 minutes. For the same period of time 
we could not observe such motions at room temperature unless the tunneling current is over 300 
pA with the same bias voltage, which translate to a tunneling gap resistance of 333 Mfi . 
Therefore we can safely exclude the possibility of tip-induced motion in this case. Also all the 
motions observed occurred only on the terraces due to the stronger charge transfer interaction 
between C6o and Au(l 11) step edges. With further annealing, nanodragsters were imaged at 370 
K, 400 K, and 440 K, and 2D and subsequent translational motion was detected in each case. 
At 370 K, only the molecule lying on the terrace show a 2D translational motion of ~ 15 
nm as shown in Fig. 5.9. Interestingly, the motion stopped once the molecule reached to the step 
edge and the following images do not show any further movement. At 400 K, many molecules 
were imaged in the span of 7 minutes, and as such the direct correlation of each moving 
molecule is extremely difficult. The terraces in the selected regions, however, do reveal 
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continually differing arrangements of nanodragsters, and proves the significant 2D translational 
motion in a few tens of nanometer scale. Finally, imaging of nanodragsters at 440 K was 
performed with the same tunneling parameters as with 350 K. At 440 K, some nanodragsters 
yield fast translational motion, and the STM was not able to follow up their correct positions 
through multiple images. Motion by wheel rotation has been reported already with the pure 
fullerene-wheeled nanocar, so we attribute this type of motion to the rolling of both fullerene 
wheels together in the same direction. Fig. 5.11 shows a series of STM images at 440 K. Due to 
the restriction of the scan speed, we cannot track the exact motion path for each molecule, but by 
observing the background we can see how far they have moved. Again, nanodragsters sitting on 
step edges did not show any motion, and this implies the applied thermal energy up to 440 K 
cannot overcome the stronger charge transfer bonds around the step edges. All the 2D 
translational motions reported at 370 K and 440 K are directed towards the nearby step edges 
about 1 0 - 5 0 nm away from the molecules, and this probably indicates that the Smoluchowski 
effect can be quite significant with nanodragsters at a few tens of nanometer scale. This fact is 
also indirectly supported by the stepping motion of nanodragsters, which indicates that the 
change in the strength of the Smoluchowski effect at 5 nm range is not significant. 
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Figure 5.8 A series of STM images of Nanodragsters at 350 K with pivoting and slight 2D 
translational motion on Au(l 11) for ~9 minutes, p-carborane wheels were not observed as the 
STM tip was not functionalized. The acquisition time for each image is approximately 2 min. 
Under the same imaging condition, no motion was observed at room temperature. (Vb = -250 mV, 
I t = 10 pA; image size is 27 x 60 nm2) 
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Figure 5.9 A series of STM images of a nanodragster at 370 K moving towards the step edge 
and stopped after reaching it. Acquisition time is approximately 5 minutes. (Imaging condition: 
Vb = -150 mV, I t =150 pA; image size is 63 x 143 nm2) 
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Figmire Sol® A series of STM images of a nanodragster moving at 400 K. There are too many 
molecules to correlate the motion, but the different molecule arrangment can be detected by 
looking at the selected regions. (Imaging condition: Vb= -100 mV, I t = 50 pA; image size is 177 
x 90 nni2) 
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Figure 5.11 A series of STM image of nanodragsters moving towards the step at 440 K with fast 
large-scale 2D translation on Au(l 11) over ~5 min. (V/, = -250 mV, / , = 10 pA; image size is 98 
x 43 nm2) 
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5.4 Conclusions 
The nanodragster has two C6o wheels and two p-carborane wheels, and due to its unique 
structure it shows interesting motion that was not observed with other molecules in the nanocar 
family. The freely rotating wheels suggest rolling motion rather than sliding as reported on 
nanocars with pure C6o wheels. Two or more Ceo wheels in nanocar molecules provide strong 
grips on the surface at room temperature, so the molecules would be sitting stationary on terraces 
without diffusing like a single C6o- The number of strong charge transfer bonds between C6o and 
the metal substrate determines the amount of thermal energy that the molecule requires to 
activate its wheels, which results in a net driving force. Due to the very weak interaction o f p -
carborane wheels with the underlying metal surface, nanodragsters move at lower temperatures 
than nanocars with four fullerene wheels as expected. The pivoting motion of nanodragsters was 
observed at 350 K compared to 440 K for nanocars, and 2D translation was observed starting at 
370 - 400 K compared to 470 K for nanocars. All the observed motions occurred on open 
terraces, as step edges can stop the 2D translational motion, which indicates a stronger 
interaction on steps than on terraces. The knowledge obtained in this chapter that the Au(l 11) 
step edges and the Smoluchowski effect play important roles in determining the motion behavior 
of nanodragsters would be an important step to the realization of the ultimate molecules that 
performs complicated functions. 
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Chapter 6 
Future Directions 
There remains much to be answered among the topics covered in this thesis, although 
much has been learned in the last few chapters. Given more time and efforts, it is certain that 
more scientific issues will arise. What we have discovered, however, has made important 
contributions and set directions for future research. 
Fluorinated carbon nanotubes (CNTs) have shown their potential for tailoring the 
electronic and chemical properties of CNTs. One issue that requires further study is the 
relationship between functionalization and the electronic properties of CNTs. Do metallic CNTs 
show a smaller bandgap than semiconducting ones do when fluorine atoms attach to sidewalls of 
CNTs? How is it related with the degree of fluorination? Due to the difficulty of separating the 
metallic tubes from a polydispersed bundle of CNTs, these questions have yet to be answered. 
Fortunately, very recent reports114,115 on the separation techniques of metallic technique of CNTs 
show promises in answering these questions. Also, engineering the precise location of the outer 
wall-cutting with the defluorination process requires further study for complicated applications 
with double-wall carbon nanotubes. 
Although both oxidation by m-CPBA and sulfonation (i.e. oleum-functionalization) of 
graphite provide a high degree of exfoliation, consistent separation of monolayer graphene films 
has not yet been achieved. Graphite epoxide, with functional groups on the edge, shows a high 
degree of functionalization, but the detailed exfoliation mechanism is still under investigation. 
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The fact that the charge repulsion of edge-adsorbed functional groups leads to exfoliation raises 
interesting questions. What if we use functional groups with larger ionic charge strength? Can 
we obtain functionalized single-layer graphene films, then? Which functional groups will induce 
the strongest charge repulsion? Lastly, is it possible to use a previously reported graphite cutting 
method73 to remove the functional groups on the edge to obtain a graphene film without any edge 
defects? Solving these issues would let the edge-functionalization methods effectively replace 
the currently used chemical exfoliation technique using KMn04-H2S04. 
Nanocars have been studied since their quite recent inception in 2003, and thus a lot of 
discoveries are still on their way. A nanodragster with its unique structure distinguishes itself 
from other molecules in the nanocar family, and it shows interesting motions that we have not 
been observed with other nanocar variants. The ultimate goal of nanocar research is to develop a 
surface rolling molecule whose motion can be controlled to perform precise nanoscale 
transportation, and nanodragsters provide an insight to achieve this ultimate goal The motion in 
the same direction near the step-edge on a Au(l 11) substrate and the role of the Smoluchowski 
effect shown in the room-temperature motions takes nanocar research to the next level. Scanning 
tunneling potentiometry-it applies a potential gradient across the sample surface-could be a 
powerful tool. Given that the applied potential gradient is strong enough, the nanodragsters 
might move along the surface without any application of thermal energy as they are attracted to 
sites with higher charge density. Imagingp-carborane wheels is quite challenging due to their 
instability on an Au surface. Attaching alkanethiol to the nanodragster chassis can provide the 
molecule with extra anchor that would improve stability with the suflur group can easily 
attaching to Au(l 11) substrates.116 By providing more surface-gripping force by alkanethiol, we 
can expect slower motion compared to a regular nanodragster at the same elevated temperature. 
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The sequential addition of such side groups would provide not only important diffusion energies 
for the nanocars, but would also prove beneficial in better understanding the gold-thiol bond 
which has become prevelant in the field of nanotechnology. In addition, theoretical calculations 
of the range of the Smoluchowski effect could help confirm the conclusions on the interaction 
energies and ranges drawn from the experimental results presented here. 
Further study of any subjects will very likely entail more questions than answers. This is 
particularly true when it comes to scientific issues in the nanoscale as matters follow quantum 
mechanical equations which are hard to predict in many cases. However, this should not stop our 
endeavor to expand our knowledge. The future works suggested in each category will have to fall 
upon future students who will hopefully see this work as helpful, and they will obtain answers 
and raise more questions from their findings. 
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